Rationale: Pancreatic cancer is associated with poor prognosis with a 5-year survival rate of less than 6%. Approximately 90% of pancreatic cancer patients harbor somatic mutations in the KRAS gene. Multiple lines of evidence suggest a persistent activation of STAT3 in KRAS-driven oncogenesis contributing to desmoplasia and gemcitabine resistance. Sphingosine 1-phosphate receptor 1 (S1PR1) is an integral component of tumor progression and maintains an activated state of STAT3. FTY720 is an approved drug for multiple sclerosis and acts as a functional antagonist for S1PR1. Here we explored the potential utility of FTY720 to target S1PR1/STAT3 and other major signaling pathways in pancreatic cancer, and sought proof-of-principle for repurposing FTY720 for the treatment of pancreatic cancer. Methods: We examined the activity of FTY720 in the proliferation, apoptosis, and cell cycle assays in human and mouse pancreatic cancer model systems. Further, we studied the efficacy of using a combination of FTY720 and gemcitabine as opposed to individual agents in vitro as well as in vivo Results: Treatment of human and mouse pancreatic cancer cells with FTY720 resulted in inhibition of growth, increased apoptosis, and cell cycle arrest. FTY720 in combination with gemcitabine breached the mitochondrial membrane potential, altered the S1PR1-STAT3 loop, and inhibited epithelial to mesenchymal (EMT) transition. Data from murine models exhibited a marked reduction in the tumor size, increased apoptosis, inhibited NF-κB, S1PR1/STAT3, Shh signaling and desmoplasia, modulated the expression of gemcitabine-metabolizing transport enzymes, and restored the expression of tumor suppressor gene PP2A. Conclusion: Taken together, our results established FTY720 as a propitious molecule, which increases the efficacy of gemcitabine and represents a promising agent in the management of pancreatic cancer.
Introduction
Pancreatic cancer is currently the fourth leading cause of cancer-associated deaths in the United States [1] . According to the recent report by Pancreatic Cancer Action Network, by 2030 pancreatic cancer is projected to become the second leading cause of cancer-related deaths surpassing breast, prostate, and colorectal cancers [2] . The average survival rate remains at 5% despite the intense efforts over the past several decades. Approximately 90% of pancreatic cancer patients harbor somatic mutations of the KRAS Ivyspring International Publisher gene. Over several decades with marginal effects on patient survival, gemcitabine remains the primary drug of choice for pancreatic cancer therapy [1] .
Sphingosine 1-Phosphate (S1P), a pleiotropic lipid molecule present inside the cells, produced by phosphorylation of sphingosine by Sphingosine Kinases (SphK1 and 2) regulates numerous cellular events such as cell growth, migration, lymphocyte egress, and vascular integrity [3] . S1P acts either intracellularly or through the cell surface G protein-coupled receptors (S1P receptor, S1PR 1-5) [4] . It was shown that pancreatic stellate cells were activated by S1P derived from pancreatic cancer and resulted in increased cell growth and invasion [5] . SphK1 is involved in cell proliferation, gemcitabine resistance, and peritoneal metastasis of pancreatic cancer cells, and SphK1 -/-mice show reduced tumor burden compared to wild-type mice [6] . S1PR1 has been reported as one of the key factors responsible for persistent STAT3 activation in different tumor types [7, 8] . However, the precise role of S1PR1 in pancreatic cancer is not clear. Fingolimod (FTY720)is the first FDA-approved oral drug for the treatment of the relapsing form of multiple sclerosis [9] . FTY720 is phosphorylated by both sphingosine kinases 1& 2 and can bind to four of the five S1P receptors except for S1PR2 and acts as a functional antagonist to S1PR1 [10, 11] . Apart from its proven role in immunosuppression and preventing T cell egress from secondary lymphoid organs, FTY720 inhibited growth and induced apoptosis in different cancer cell lines in vitro as well as in vivo including multiple myeloma [12] , renal cell carcinoma [13] , and colorectal cancer [11] . There were studies demonstrating the in vitro efficacy of FTY720 in pancreatic cancer [14] . However, the underlying mechanism of action is still elusive.
In this study, we showed that S1P receptor modulator FTY720 inhibited the growth of pancreatic cancer in two pre-clinical mouse models, an immunodeficient and a syngeneic model with an intact immune system. In both models, FTY720 suppressed tumor growth by chemosensitizing cancer cells to gemcitabine, a currently approved drug for treating pancreatic cancer which inhibited desmoplasia and epithelial-to mesenchymal transition (EMT). Thus, we provided compelling in vitro and in vivo evidence to support the use of FTY720 as a propitious therapeutic agent for the treatment of pancreatic cancer.
Methods

Materials
FTY720 and gemcitabine were purchased from Selleckchem (Houston, TX). The Annexin-FITC kit was procured from Biotool (Houston, TX). Source of other chemicals, antibodies and kits are provided in Supplementary Material.
Cell lines
BxPC-3, AsPC-1 cells were acquired from the American Type Culture Collection (ATCC, Manassas, VA), MIA PaCa-2 and PANC-1 were from the National Centre for Cell Sciences (Pune, India). PAN 02, a C57BL/6-derived pancreatic cancer cell line was obtained from the National Cancer Institute (Frederick, MD), HDPE cell line was a kind gift from Dr. Florencia McAllister, UTMDACC (Houston, TX) and was grown in keratinocyte serum free medium with 5 ng/ml recombinant human EGF. Cells were cultured in Dulbecco's modified Eagle medium containing 10% fetal bovine serum (FBS) and the antibiotic mixture (penicillin, streptomycin and amphotericin). All cell lines were tested for the presence of mycoplasma and found to be negative.
Animals
NOD.CB17-Prkdc scid /J mice (7-8-week old, hereafter referred as NOD-SCID) and C57Bl/6 (8-10-week old) mice were obtained from Jackson laboratories and kept in individually ventilated cages (IVCs) with standard rodent chow, water ad libitum, and a 12 h light/dark cycle. The animal experiment protocol got prior approval from Institutional Animal Ethics Committee (IAEC) of Rajiv Gandhi Centre for Biotechnology and followed the rules and regulations prescribed by Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Government of India.
Cell proliferation assay
Human and mouse pancreatic cancer cell lines were maintained in their appropriate media in the presence of antibiotic solution and FBS. To study the effect of FTY720 on the metabolic activity of cells, MTT assay was used. 5×10 4 /0.2 mL cells were plated in 96-well plates and treated with different concentrations of FTY720 and incubated for 24 and 48 h. Subsequently the medium was removed and cells were washed with PBS. 20 µL of MTT (5 mg/mL) (Sigma, #M2128) was added to each well and incubated for 4 h. Then the medium was removed and the crystals were dissolved in DMSO and read at 595 nm in TECAN spectrophotometer.
Annexin V-FITC staining
Cells were plated in 6-well plates at a density of 3×10 5 and incubated for 12 h followed by incubation for 24 h with various concentrations of FTY720. Cells were trypsinized and washed with pre-chilled PBS and resuspended in 100 µL of 1x binding buffer with 5 µL of Annexin V-FITC and 5 µL of propidium iodide for 15 min in the dark. Subsequently, 400 µL of binding buffer was added and cells were filtered through cell strainer and analyzed using FACS scanner.
Cell cycle analysis
Cells were plated at a density of 3×10 5 in a 6-well plate and after 24 h cells were treated with FTY720 and incubated for 24 h. The cells were washed with PBS and fixed with ice cold 70% ethanol and incubated with RNase A (1 mg/mL) (Sigma, #R6513) for 30 min. 10 µL of propidium iodide (1 mg/mL) (Sigma, #P4170) was added followed by incubation for 15 min in the dark and analysis was carried out by BD FACS Aria system.
Cell migration assay
1×10 5 cells were plated in 12-well plates and allowed to reach 90% confluence. A wound was made using a 200 µL tip and the wells were washed with PBS to remove the floating cells. Subsequently, FTY720-containing medium was added and the cells were monitored for the rate of wound closure. 100× images were taken at 0 h, 12 h and 24 h using a phase contrast microscope.
Quantification of reactive oxygen species
3×10 5 cells were plated in 6-well plates and incubated overnight. The cells were treated with FTY720 for 24 h and then exposed to 1% FBS with 5 µM H2DCFDA (Thermo Fisher Scientific, #D399). The cells were then kept for 30 min in dark and analyzed in FACS system.
Assessment of loss of mitochondrial membrane potential
3×10 5 cells were plated in 6-well plates and incubated for 24 h. Then the cells were treated with FTY720 (10 µM), gemcitabine (1 µM), or the combination and incubated for 24 h. Subsequently, the cells were trypsinized and suspended in 0.1 µM DiOC6 (3) in serum-free medium and kept at 37 ºC for 15 min in dark. Cells were centrifuged at 130 g for 5 min, washed twice with PBS and analyzed in FACS within 15 min.
Clonogenic assay
1×10 5 cells were plated in 12-well plates and treated with FTY720, gemcitabine, or the combination of both and incubated for 24 h. Then the cells were counted and 2×10 4 cells were re-plated in 6-well plates and incubated for 7 days. The colonies were washed with PBS and fixed for 30 min in 10% formalin, and stained with crystal violet. The growth rate was determined by melting the colonies in 10% acetic acid and measuring the amount of crystal violet released using TECAN spectrophotometer at 595 nm.
Western blotting
Tissue samples were homogenized in protein lysis buffer and the samples were centrifuged at 12000 ×g for 10 min. The supernatant was collected and used for Western blotting. For the in vitro study, cancer cells were plated in 60 mm dishes and treated with the drug for 24 h. Cells were lysed in protein lysis buffer and used for further analysis. Proteins were separated on polyacrylamide gels and transferred to nitrocellulose membranes. After the transfer, membranes were blocked with 5% skimmed milk and subsequently incubated with either of the following primary antibodies; S1PR1 (ab23695, 1:3000) was obtained from Abcam. , and p-Akt (9271, 1:1000) were purchased from cell signaling Technology. HRP conjugated secondary antibody was added and the detection were performed using ECL solution.
Generation of luciferase-expressing stable cell lines
Luciferase-expressing pancreatic cancer cell lines were generated using pLenti CMV Puro LUC (w168-1) (Addgene #17477) [15] and transfection was carried out using lentiviral 3 rd generation transfection system. Briefly, HEK293T cells were grown to 70% confluency and pRRE (gag/pol), pMD2G (VSVG), pRSV (Rev), and pLenti CMV Puro LUC plasmids were suspended in 0.25 M CaCl 2 , equilibrated with same volume of 2× HEPES solution, and entire solution was added to the wells. The medium was changed after 14 h and the viral particles were collected at 24 and 48 h. MIA PaCa-2 and PAN 02 cells were grown to 50% confluency and transfected with the viral particles. Luciferase-expressing cells were selected using 2 μg/mL of puromycin (Sigma, #P8833) starting from 48 h after infection till 7 passages. The presence of luciferase was confirmed by imaging the cells under IVIS.
Generation of orthotopic pancreatic cancer mice models
MIA PaCa-2 and PAN 02 pancreatic cancer cells (both harboring KRAS mutations) were used for generating the orthotopic model in NOD-SCID and C57Bl/6 mice, respectively, as previously described [16] . All procedures in mice were performed during light cycle. Animals were anesthetized using a mixture of ketamine-xylazine. A small incision was made on the right abdominal side and spleen was gently pulled out without causing injury to underlining organs. MIA PaCa-2-Luc cells (5×10 5 cells/50 µL volume) or PAN 02-Luc cells (5×10 4 cells/50 µL volume) were injected directly into pancreas using a 27-gauge needle. The wounds were closed with metallic clips. Animals were randomized into four groups after initial IVIS imaging (Xenogen Corp., Alameda, CA) on day 7 following tumor implantation for further experimentation: (a) untreated controls (vehicle only); (b) FTY720 alone (1 mg/kg body weight once daily p.o.); (c) gemcitabine alone (25 mg/kg body weight twice weekly by i.p. injection); and (d) combination of FTY720 (1 mg/kg body weight), once daily p.o., and gemcitabine (25 mg/kg body weight twice weekly by i.p. injection. Animals were imaged every week using IVIS system by injecting 100 µL of luciferin (1 mg/mL) through the i.p route. Animals were sacrificed on day 35 after tumor implantation. Primary tumors in the pancreas were excised and the final tumor volume was measured as V = (length × width2) / 2, where V is the volume of the tumor [17] . The distal macroscopic metastatic lesions were counted in liver, lungs, intestine and abdominal cavity. Part of the tumor was fixed in formalin and used for immunohistochemical analysis and the remaining portion was snap frozen in liquid nitrogen for protein and RNA extraction.
Immunohistochemical staining
The formalin fixed tissues were sliced to 5 µm and after xylene and graded ethanol treatment; antigen retrieval was carried out by using citrate buffer, pH 6. Peroxidase activity was blocked using 3% H 2 O 2 in methanol followed by another blocking step using a commercial kit (Dako, #K500711). The primary antibody in antibody diluent was used with overnight incubation at 4 ºC. Slides were washed and incubated with the secondary antibody for 1 h and developed using DAB solution. Hematoxylin was used as the counter stain to detect the nucleus and the slides were mounted with DPX.
Sirius red staining
The nuclei were stained with hematoxylin for 8 min, followed by washing in distilled water. Picro-sirius red stain (Sigma, #365548) was overlaid on the tissue sections and incubated for 1 h. After washing with acidified water, the slides were dehydrated by placing them in xylene and mounted with DPX.
RT 2 profiler PCR array
RNA was isolated by RNeasy Lipid Tissue mini kit (Qiagen, #74804) with a DNase treatment step included. RNA was quantified using Nanodrop spectrophotometer 2000. 1.5 µg of RNA was used for reverse transcription by High Capacity cDNA reverse transcription kit (ABI, #4368814). The cDNA was then mixed with SYBR green PCR master mix (ABI, #4367659) and 25 µL per well was added in RT² Profiler PCR Array (Qiagen, #PAHS-181Z) with , 96-well plate format. The data were then exported and uploaded into the RT 2 profiler PCR array web portal (http://pcrdataanalysis.sabiosciences.com/pcr/array analysis.php) for analysis.
Real-time PCR
RNA was isolated using RNeasy Lipid Tissue mini kit following vendor's protocol following which 1.5 µg RNA was converted to cDNA using High Capacity cDNA reverse transcription kit. The cDNA was then mixed with SYBR green PCR master mix and 20 µL was added to each well and the reaction was performed in ABI real time instrument. Subsequently, ΔΔCT was calculated after normalizing with the control gene.
PP2A activity assay
The PP2A activity in the tumor samples was quantified using a kit (Millipore, #17-313) following the manufacturer's protocol. Briefly, a standard curve was generated using Phosphate Standard -Solution C (Catalog # 20-103). The protein lysates were isolated from tissues using protein lysis buffer. PBS was replaced with TBS to avoid the background signal due to phosphate ions. 60 µg of protein lysate was incubated with 4 µg of Anti-PP2A antibody and 30 µL of Protein A agarose slurry followed by incubation for 1-2 h at 4 ºC with continuous shaking. Next, 60 µL of diluted phosphopeptide (750 µM) and 20 µL of assay buffer were added and incubated for 10 min at 30 °C in a shaking incubator. The mixture was centrifuged and 25 µL was transferred into each well of a 96-well plate and 100 µL of malachite green detection reagent was added and incubated for 10 min or till color developed and read at 650 nm.
Isolation of acinar cells
The pancreas of mice was dissected, minced, and washed with 0.01% trypsin inhibitor (Invitrogen, #17075029) in PBS followed by DMEM containing antibiotics and 5 mg/mL BSA fraction V (Thermo Fisher Scientific, #15260-037). 10 mL of digestive solution containing 1 mg/mL collagenase (Sigma, #C2139) and 0.2 mg/mL BSA fraction V was added and incubated for 30 min at 37 °C (120-140 cycles/min). The disrupted cells were grown in DMEM containing 10% FBS, 0.1 mg/mL trypsin inhibitor and 5 mg/mL BSA fraction V.
Statistical analysis
Various in vitro assays were performed at least three independent times with a minimum of 3-4 technical replicates in each treatment condition. Statistical analysis was done using either unpaired t-test or one-way ANOVA followed by post-hoc Tukey test using GraphPad 6.0 software. IHC quantification of (TUNEL, Ki-67, p65, cyclin D1, and β-catenin) was performed as follows. For the statistical analysis, we counted 2000 cells (40× magnification) from each group (except for vimentin which is 800 cells/group). α-SMA and Sirius red staining intensity were calculated using ImageJ software.
Results
FTY720 induced apoptosis in pancreatic cancer cell lines but not in primary pancreatic cells
In view of the FDA approval of FTY720, a functional S1PR1 antagonist for multiple sclerosis, we used a drug repurposing approach to study the potential benefits of FTY720 in pancreatic cancer. We initially performed a dose response study to test the viability of different human and mouse pancreatic cancer cell lines. Treatment of cells with increasing concentrations of FTY720 ranging from 0 to 20 µM significantly inhibited the growth of all pancreatic cancer cell lines tested ( Figure 1A) . Also, we did not observe any significant cytotoxicity of FTY720 in mouse primary acinar cells and HDPE cells ( Figure  S1A-B) . The IC50 ranged from 5-10 µM. We selected MIA PaCa-2 and PAN 02 cells for subsequent analysis.
Next, we examined the possible mechanism of FTY720-mediated cell death in vitro. Annexin V5 staining was used to differentiate between apoptosis and necrosis and showed an increase in the apoptotic cell population after treatment with FTY720 ( Figure  1B and Figure S1C ) which also induced cell cycle arrest in both MIA PaCa-2 and PAN 02 cell lines in SubG1 phase ( Figure 1C and Figure S1D ). Further, we analyzed any involvement of reactive oxygen species (ROS) in FTY720 induced apoptosis and observed higher ROS levels after the treatment ( Figure 1D ). FTY720 is known to inhibit S1PR1 which plays an important role in cell migration. We, therefore, performed a wound healing assay to assess the effect of FTY720 on pancreatic cancer cell migration. We observed a marked inhibition of migration potential of FTY720-treated cells which was evident from the decrease in wound closure area ( Figure 1E and Figure S2A) 
FTY720 enhanced cell death induced by gemcitabine
Combination therapy is gaining more attention due to acquired drug resistance when treated with a single agent. We, therefore, investigated whether FTY720 could be used as a combinatorial agent with gemcitabine which is one of the major chemotherapy drugs for pancreatic cancer. The MTT assay using different concentrations of FTY720 and gemcitabine (Figure 2A) showed that 10 µM of the combination of both drugs induced maximum cell death; however, there was no synergistic effect of the doses tested. We performed DiOC6(3) staining to assess the loss of mitochondrial membrane potential (MMP) which is considered to be a marker for apoptosis. We found that both FTY720 and gemcitabine, either alone or in combination, promoted mitochondrial depolarization. As compared to control cells, the combination induced a statistically significant depolarization indicating the involvement of mitochondria in FTY720-driven apoptosis ( Figure 2B and Figure S3A ). Also, a colony formation assay to check the proliferative capacity of MIA PaCa-2 and PAN 02 cells after the treatment revealed that FTY720+Gemcita-bine drastically inhibited the tumorigenic potential of MIA PaCa-2 cells (Figure 2C ).
FTY720 and gemcitabine combination inhibited the S1PR1-STAT3 loop, EMT, and expression of cell proliferation markers in pancreatic cancer cells in vitro
We then analyzed the effect of FTY720 and gemcitabine combination on the expression of various signaling molecules using Western blotting. FTY720 either alone or in combination with gemcitabine reduced the expression of S1PR1 and phosphorylation of STAT3. However, the expression of a STAT3-dependent gene c-Myc was upregulated in the gemcitabine-treated group in the presence of activated STAT3 but downregulated with the combination treatment in pancreatic cancer cells. Together these results indicated that FTY720 +Gemcitabine interfered with persistent S1PR1/STAT3 loop in pancreatic cancer ( Figure 2D) . We then studied the individual and combined effect of FTY720 and gemcitabine in EMT phenotype and observed that combination regimen decreased the mesenchymal phenotype (Vimentin and N-cadherin) with a concomitant increase in the epithelial phenotype (E-cadherin) ( Figure 2D ). We next examined the effect of FTY720 on the expression of proliferation markers such as cyclin D1 and Cox-2 and detected a marked reduction in the expression of both proteins ( Figure 2D ). Collectively these results showed that FTY720 in combination with gemcitabine could reduce cell proliferation and effectively blocked mesenchymal transition in vitro. Representative images were shown in left panel. Then the colonies were fixed with 10% neutral buffered formalin and stained with crystal violet. The quantification was performed using TECAN spectrophotometer at 590nm after melting the stained colonies (right panel). (D) MIA PaCa-2 cells were treated with FTY720 and in combination with gemcitabine for 24h and the expression of S1PR1, p-STAT3, STAT3, and c-Myc; EMT markers, E-cadherin, N-cadherin and Vimentin and proliferative markers CyclinD1 and Cox-2 expression were analyzed using western blotting.β-Tubulin served as internal control
FTY720 sensitized pancreatic cancer cells to gemcitabine in a preclinical model
To confirm our in vitro findings, we developed a pre-clinical model of pancreatic cancer in immunodeficient SCID mice. The experimental scheme is shown in Figure 3A . Mice were injected orthotopically with luciferase-tagged MIA PaCa-2 cells. Mice were randomized on day 7 and treatment of FTY720 (1 mg/kg body weight, a therapeutically relevant dose) and gemcitabine was started and continued till mice were sacrificed. Animals were monitored for any adverse reactions to the compounds. The progression of tumors was monitored weekly by non-invasive bioluminescence imaging ( Figure 3B and Figure S4A ). Animals were sacrificed on day 35 and gross necropsy was performed ( Figure S4B) . Pancreatic tumors were excised from each animal and tumor volume was recorded. The tumor volume was statistically reduced in the combination group as compared to gemcitabine alone group (p<0.001) (Figure 3C) . We also recorded the metastasis to major adjacent organs and abdominal cavity and the presence of ascites which is commonly seen in advanced metastatic pancreatic cancer patients (Table S1 ). There was dissemination of tumor cells to the abdominal cavity, liver, colon, and intestine which was significantly inhibited with FTY720 and gemcitabine combination. Severe ascites was seen in control and gemcitabine-treated animals that was markedly reduced (mild ascites) in the combination group of FTY720 and gemcitabine. These results collectively indicated the role of FTY720 in enhancing the effect of gemcitabine and reducing its side effects. The tissue sections were stained with hematoxylin-eosin and independently assessed by a pathologist. The vehicle-treated groups showed high grade adenocarcinoma. The FTY720-treated animals showed both apoptosis and necrosis whereas necrotic lesions were observed in gemcitabine-treated groups. In the FTY720 and gemcitabine combination group, we could observe a higher number of cells undergoing either apoptosis or necrosis ( Figure 3D,  upper panel) . 
FTY720 decreased cell proliferation and increased apoptosis in pancreatic cancer
The process of tumorigenesis is a balancing act between cell proliferation and apoptosis. We analyzed apoptosis in vivo by the TUNEL assay ( Figure 3D , lower panel) and found significantly greater number of TUNEL-positive cells in the combination group (p<0.001) indicating a higher rate of apoptosis. To verify the presence of highly proliferating cells, we performed immunohistochemical analysis of Cyclin D1 ( Figure 4A, left panel) , β-Catenin (Figure 4A , center panel) and Ki-67 ( Figure 4A, right panel) . We observed a significantly decreased cell proliferation (p<0.001) in FTY720 plus gemcitabine group. We manually counted positive cells and data were expressed as the % of positive cells out of total cells. Statistical analysis indicated that FTY720 combined with gemcitabine treatment was better than gemcitabine alone in decreasing the cell proliferation.
FTY720 inhibited NF-kB signaling and NF-kB-dependent gene expression
Next, we examined the effect of FTY720 treatment on NF-kB, a versatile transcription factor which regulates the expression of several genes involved in the process of inflammation and cancer [18] . Immunohistochemical detection of p65 translocation to nucleus revealed that in both vehicle and gemcitabine-treated groups the number of cells with positive nuclear expression of p65 was dramatically increased (Figure 4B ) but was significantly decreased in the combination group (p<0.001 vs vehicle). Further, we measured the levels of TNF-α, a well-known target gene of NF-kB, in the sera of animals using an ELISA method and found that FTY720 either alone or in combination was effective in decreasing the TNF production ( Figure  4C) . We also profiled the expression of 84 genes (Table S2) using an RT 2 profiler array. We selected the genes whose expression was regulated by NF-kB and found that combination treatment was able to downregulate the NF-kB-dependent gene expression further supporting our observations ( Figure 5A ).
FTY720 reactivated PP2A in pancreatic cancer
Accumulating evidence demonstrated that PP2A is a tumor suppressor protein and its expression and activity is downregulated in many cancers [19] . FTY720 is a known activator of PP2A but whether the same mechanism is involved in the context of pancreatic cancer is not known. To verify this, western blotting performed to determine the expression of PP2A protein levels and it did not reveal any significant difference between the four groups (data not shown). Further, an enzymatic assay revealed a considerable decrease in PP2A activity in the gemcitabine-treated group. Treatment with FTY720 either alone or in combination with gemcitabine reactivated PP2A as seen from enhanced activity as compared to gemcitabine alone group (Figure 4D ).
FTY720 treatment abrogated downstream signaling cascade through the S1PR1-STAT3 loop
Next, we sought to understand the role of the S1PR1-STAT3 loop which is one of the major signalling pathways in maintaining tumorigenicity in many cancers. Consistent with the available information in the literature, we observed that FTY720 treatment reduced the expression of S1PR1 in pancreatic cancer tissue samples. This was related to p-STAT3 levels whose expression was abolished by treatment with FTY720 and gemcitabine ( Figure 4E) . We also analyzed the expression of gene targets downstream of S1P/S1PR1 which were shown to be involved in tumor progression and metastasis such as p-ERK1/2, and p-Akt [20] . FTY720, either alone or in combination with gemcitabine, dramatically reduced the S1P/S1PR1-mediated signaling pathways. These results emphasize the role of FTY720 in inhibiting the activation of pathways mediated by S1PR1/STAT3 loop in pancreatic cancer.
FTY720 inhibited desmoplasia and myofibroblastic features
One of the fundamental characteristics of pancreatic cancer is the presence of abundant desmoplasia and myofibroblasts (the activated form of pancreatic stellate cells; PSCs) which are mainly responsible for collagenous stroma in pancreatic cancer [21, 22] . To understand the distribution of myofibroblasts, we stained the tissue samples with α-SMA, which is considered as an activation marker for PSCs, and found that majority of cells had a high level of α-SMA expression that was significantly reduced in FTY720 treated samples ( Figure 5A , upper panel, p<0.001 vs Vehicle). Subsequently, we stained the tissue sections with Sirius red which detects the presence of collagen. As compared to the vehicle-treated group, animals treated with gemcitabine alone displayed a large area positive for collagen staining associated with fibrosis-like pathology. These pathological changes were largely alleviated in FTY720-treated groups ( Figure 5A , center panel, p<0.001 vs vehicle). Myofibroblasts serve as the primary source for extracellular matrix (ECM) in desmoplasia. We further stained the tissue sections with an epithelial marker cytokeratin-18 and observed high level of expression in vehicle-and gemcitabine-treated groups that was significantly decreased in both FTY720-treated groups (Figure 5A , lower panel).
Three genes, CXCR4, CXCL12 and HIF1α, in the RT 2 profiler array, have been shown to have a direct link to fibrotic changes. Both CXCR4 and CXCL12 were highly upregulated in gemcitabine alone-treated animals compared to the rest of the groups. Both genes were reported to be involved in the activation of myofibroblasts in different tissue types and CXCR4 agonists are currently in clinical trials for pancreatic cancer [23] . HIF-1α is yet another factor which regulates CXCR4, pro-fibrosis and ECM deposition [24] . Our array data demonstrated that HIF1α expression was elevated in gemcitabine groups and was significantly downregulated in FTY720-treated animals ( Figure 5B ). Taken together, our results confirmed that FTY720 was effective in preventing the desmoplasia, deposition of ECM and activation of PSCs, thereby reducing the adverse effects of gemcitabine. 
FTY720 modulated the expression of enzymes in gemcitabine metabolism
We explored the metabolic status of gemcitabine in the tumor microenvironment after reduced desmoplasia. Gemcitabine inhibits DNA synthesis by incorporating into the DNA in its activated dFdCTP form. We performed real-time PCR to examine the expression of genes involved in this activation process. Primer sequences used for qPCR are given in Table S3 . We detected reduced expression of deoxycytidine kinase (DCK) in the gemcitabinetreated group which showed the acquired gemcitabine resistance. Also, FTY720 effectively decreased the expression of deoxycytidine monophosphate deaminase (DCTD) and cytidine deaminase (CDA) (gemcitabine-inactivating enzymes). Almost 90% of the gemcitabine was converted to 2′-deoxy-2′,2′-difluorouridine (dFdU), an inactivated form in the presence of CDA [25] , and FTY720 effectively decreased the CDA expression even in the presence of gemcitabine. Also, ribonucleotide reductases M1 and M2 (RRM1 and RRM2) act as biomarkers for gemcitabine resistance and their increased expression has been shown to lead to gemcitabine resistance [26] . FTY720 reduced the expression of both genes. One of the major reasons for acquired gemcitabine resistance is its efflux from the cells by various ABC transporters. Gemcitabine treatment increased ABCC5 expression which effluxes the drug outside the cells [27] . We found lowered expression of gemcitabine efflux pump, ABCC5, in the presence of the combination treatment with gemcitabine and FTY720 indicating the localization of gemcitabine inside the cells ( Figure 5C ). Together these results showed that in the presence of FTY720, the availability of the active form of gemcitabine within tumor microenvironment would be higher through inhibition of desmoplasia, gemcitabinemetabolizing enzymes, and transporter proteins leading to a decrease in gemcitabine resistance.
FTY720 inhibited S1PR1/STAT3 loop-mediated Sonic-hedgehog (Shh) signaling in pancreatic cancer
The results so far indicated that FTY720 could suppress the stromal resistance and desmoplasia through suppression of S1PR1/STAT3 loop. To further understand how S1PR1/STAT3 pathway regulates the desmoplasia, we evaluated the role played by Shh signaling. We observed that mRNA transcripts of both Shh and Gli-1 were significantly upregulated while Gli-3, a known suppressor of desmoplastic changes, was considerably downregulated in the group treated with gemcitabine alone (Figure 5D) . The role of STAT3 in Shh activation and stromal reactions was previously established by other groups [28] . Collectively, these data suggested that inhibition of S1PR1/STAT3 loop resulted in inactivation of Shh pathway and desmoplasia, reduced resistance to gemcitabine, and improved the delivery of gemcitabine to tumor sites.
FTY720 inhibited EMT in pancreatic cancer
It has been reported that mesenchymal population showed higher resistance towards gemcitabine leading to chemoresistance in pancreatic cancer and inhibition of EMT resulted in enhanced sensitivity to gemcitabine [29] . We examined whether FTY720 treatment altered the EMT signature in pancreatic cancer. Upon staining the tissue sections with E-Cadherin and vimentin E-cadherin expression was found to be highly elevated in the combination group ( Figure 6A) . A limited number of positive cells were detected in the vehicle-treated group. In case of vimentin, we observed an abnormal nuclear localization in the vehicle-treated group. It was of note that the nuclear labelling of vimentin was reduced in all three treatment groups (* p≤0.001 vs control), however, cytoplasmic staining of vimentin could also be detected. We counted the cells with both cytoplasmic and nuclear vimentin and expressed the percentage of nuclear-positive vimentin in each group ( Figure 6B) . We then performed a quantitative PCR to study the mRNA expression levels of E-cadherin, Snail, Slug, Twist 1, and Twist 2. Primer sequences are presented in Table S3 . The E-cadherin levels were statistically upregulated over 30-fold in the FTY720 + gemcitabine-treated group (Figure 6C) . The remaining four EMT markers were also downregulated in the combination group as compared to gemcitabine alone group indicating that the combination treatment was more effective in inhibiting mesenchymal phenotype and thereby reversing the malignant nature of pancreatic cancer. IL-6, a STAT3-dependent gene, was shown to be involved in the process of mesenchymal transition [30] . We observed a significant upregulation of IL-6 mRNA transcript in the gemcitabine-treated group which may lead to chemoresistance ( Figure 6D) . Based on these observations, we concluded that FTY720 abrogated S1PR1/STAT3/IL-6 pathway and prevented the mesenchymal transition leading to improved drug sensitivity.
FTY720 regulated inflammation and immunity gene signature in pancreatic cancer
Inflammation and cancer are closely related and there is increasing evidence for the use of anti-inflammatory molecules in cancer management. FTY720 is an immunosuppressant drug and our in vitro data emphasized its role as an anti-inflammatory molecule. To determine anti-inflammatory properties of FTY720, we selected an 84-gene signature panel of genes primarily involved in inflammation. The genes with most significant changes in expression are shown in Supplementary Figure 5B -C. We observed that the combination treatment with FTY720 and gemcitabine was most effective as compared to either agent alone. Interestingly, there was a several-fold elevation in the expression of CCL4, PD1 (~4-fold), CXCR1, and IDO1 (~40-fold) in the gemcitabinetreated group as compared to the vehicle-treated animals. These genes were known to confer drug resistance [31, 32] . However, the expression of these genes was downregulated in the FTY720-treated group.
FTY720 acted in synergy with gemcitabine in a syngeneic model of pancreatic cancer
After elucidating the regulatory role of FTY720 in desmoplasia and EMT signature in pancreatic cancer, we next aimed to address the involvement of host immune system in FTY720-mediated tumor suppression and its co-operative action with gemcitabine in pancreatic cancer. We adopted a syngeneic model of pancreatic cancer in C57Bl/6 mice by injecting PAN 02 cells in the pancreas. We found that FTY720 either as a single agent or in combination with gemcitabine was effective in reducing the tumor volume ( Figure 7A-C and Figure S6A-B) confirming that irrespective of the nature of immune system (intact or immunocompromised) FTY720 was able to reduce the tumor burden. We also stained for the markers of desmoplasia in PAN 02-derived tumor sections and found that gemcitabine increased the expression of α-SMA ( Figure 7D and Figure S6C ) and collagen. (Figure 7E and Figure S6D) . The FTY720-treated animals showed reduced desmoplastic changes which further supported the beneficial effects of FTY720 in preventing desmoplasia in clinically relevant doses. A schematic illustration of pathways altered during the combination therapy is presented in Figure 7F . .Statistical analysis was performed using one way ANOVA followed by post hoc Tukey test; * p≤0.001 vs control. (F) Graphic illustration of mode of action of FTY720 in combination with gemcitabine in pancreatic cancer. FTY720 reduces the cell proliferation by decreasing the expression of certain proliferation markers and by activation of PP2A (red star). It also abrogates HIF1α/CXCL12/CXCL4 loop, Shh pathway resulting in reduced desmoplasia and metastasis. This reduction in desmoplastic content leads to increased accumulation of gemcitabine and thereby increased sensitivity through altering gemcitabine metabolizing genes.
Discussion
STAT3 is a major transcription factor which is under the control of various cytokines and growth factors and its activation provides survival advantage to cancer cells [11] . There is substantial evidence confirming the role of activated STAT3 in pancreatic cancer initiation, progression and metastasis. However, its role in inducing chemoresistance and the beneficial usage of its inhibitors in pancreatic cancer management were not fully elucidated. Targeting STAT3 in cancer through the proteins which have a regulatory role in STAT3 activation might represent a viable strategy. In this respect, S1PR1 appears to be an ideal candidate as blocking S1PR1 led to inhibition of STAT3 signaling in different tumor types [7, 11] . In the current study, we demonstrated that in vitro treatment of pancreatic cancer cells with FTY720, which indirectly blocks STAT3 activation, resulted in dose-dependent increased apoptosis. For possible successful clinical translation of the current findings, FTY720 was used in therapeutically relevant doses in pre-clinical models of pancreatic cancer [33] . One of the major obstacles is the development of resistance to the chemotherapeutic drug, gemcitabine, widely used in pancreatic cancer therapy [1] . Recent findings have shown an enhanced clinical activity of combination treatments with gemcitabine and other agents targeting signaling pathways associated with tumor microenvironment [34] . In the present study a statistically significant response in tumor regression was observed for the combination of gemcitabine and FTY720 in both models irrespective of host immune system. NF-κB is another transcription factor which, together with STAT3, serves as a central hub for tumor progression and metastasis by regulating the expression of genes responsible for the production of various cytokines and chemokines associated with tumorigenesis [35] . The involvement of S1P in NF-κB signaling and production of pro-inflammatory cytokines was reported previously [36] . FTY720 inhibited the S1P/S1PR1 feed forward loop leading to decrease in STAT3 and NF-κB activation and pro-inflammatory cytokine production in colon cancer [11] . Our current study is the first report showing FTY720 as a potent inhibitor of NF-κB-STAT3 cross-talk in pancreatic cancer.
Desmoplasia has major clinical implications as it contributes to chemoresistance and shows a negative association between patient survival and ECM deposition [21] . In this study, we observed desmoplasia-associated changes in the gemcitabine-treated group leading to chemoresistance. One of the undesired side effects of gemcitabine therapy is the upregulation of CXCL12/CXCR4 axis in cancer cells providing the pro-survival advantage, aggressiveness, and conferring resistance to gemcitabine [37] . The gemcitabine-dependent activation of CXCR4 leads to accumulation of NF-kB and HIF1α in the nuclei of pancreatic cancer cells and NF-κB subsequently activates the transcription of both CXCR4 and HIF1 [37] . Interestingly, FTY720, alone and in combination with gemcitabine, was effective in reducing desmoplasia and expression of CXCR4, CXCL12, and HIF1α. FTY720 functioned as a CXCR4 agonist in our study for which the exact mechanism remains to be elucidated. Also, a direct correlation between enhanced expression of activated STAT3 and increased desmoplastic stroma was reported in human pancreatic cancer [28] and Shh was shown to be a direct target of STAT3 involved in the formation of desmoplasia [38] . We observed that S1PR1 was an important factor for persistent activation of STAT3 and FTY720 and gemcitabine combination was effective in down-regulating STAT3 expression leading to reduced Shh levels and in minimizing desmoplasia. Currently, stromal targeting in chemotherapeutic interventions for pancreatic cancer is gaining interest [34] . Our study, for the first time, reported the beneficial effects of clinically relevant doses of FTY720 in preventing desmoplasia. Furthermore, by inhibiting the desmoplastic changes, ECM deposition, and modulating the expression of gemcitabine-metabolizing enzymes, FTY720 reduced the resistance and improved the intra-tumor delivery of gemcitabine through stromal remodelling.
PP2A is considered as a tumor suppressor gene and negatively regulates many pathways involved in cell survival, apoptosis, and drug resistance in a wide array of cancer types including pancreatic cancer [39] . However, in most cancers, PP2A is either functionally deactivated or genetically altered. Farrell et al reported that PP2A activity was decreased in pancreatic cancer and restoring its activity reduced the tumorigenic potential of pancreatic cancer cells [39] . Our results showed that FTY720, either alone or in combination with gemcitabine, activated PP2A. Hence, regulating the activity of PP2A and modulating the downstream oncogenic signaling is another mechanism through which FTY720 exerts its anticancer activity.
EMT is another characteristic feature which contributes to early stage dissemination, invasion, metastasis, and drug resistance in pancreatic cancer [40] . Suppression of transition to mesenchymal phenotype leads to enhanced sensitivity to gemcitabine treatment associated with a decrease in cancer cell proliferation. The role of FTY720 in the reversal of EMT is still largely an unexplored area. In this study, we observed statistically significant downregulation of EMT markers in FTY720 + gemcitabine-treated animals. Also, E-cadherin was upregulated and the dissemination and peritoneal metastasis of tumor cells were significantly inhibited in the groups treated with the combination of drugs in both models tested. Collectively, the results indicated that FTY720 inhibited metastasis by reducing EMT and enhancing the activity of gemcitabine in mouse models of pancreatic cancer.
We profiled the major genes involved in inflammation and immunity in pancreatic cancer and detected several-fold upregulation of genes known to be involved in drug resistance in gemcitabine-treated animals. Indoleamine 2,3-dioxygenase-1 (IDO) was reported to be involved in tryptophan metabolism and its over-expression was associated with decreased overall disease-free survival and acquired immune response [32] . Currently, an IDO inhibitor (Indoximod) is in clinical trials together with gemcitabine for metastatic pancreatic cancer (NCT02077881). Here we observed that FTY720 and gemcitabine combination was very effective in downregulating IDO1 expression.
The dose of FTY720 used in this study was 1 mg/kg body weight which is equivalent to 5.6 mg/d in humans similar to that used in clinical trials for multiple sclerosis [9] . A further reduction in tumor volume can be predicted with increase in drug dose. However, for a successful clinical translation, we limited our study to clinically relevant dose of FTY720.
In summary, we demonstrated that FTY720 in combination with gemcitabine was effective in the pre-clinical model of pancreatic cancer. Possible mechanisms for the observed beneficial effects of FTY720 include (a) enhancing the activity of gemcitabine and inhibiting the proliferation of pancreatic cancer cells, (b) suppressing the S1PR1/STAT3 loop, Shh signaling, EMT and desmoplasia thus significantly down-regulating the major pathways responsible for drug resistance and metastasis, and (c) restoring the activity and function of the tumor suppressor PP2A. Furthermore, the combination of FTY720 and gemcitabine was found to have a better efficacy than either agent alone.
Therefore, it is worthwhile to consider repurposing of FTY720, an orally bioavailable FDA approved drug, either alone or in combination with gemcitabine for the treatment of pancreatic cancer.
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